An analysis is given of the decay µ → e + γ in an MSSM extension with a vectorlike generation. Here (at 90% CL) on the parameter space of SUSY models and on vectorlike models are explored. Further, the MEG experiment is likely to improve the upper limit by an order of magnitude in the coming years. The improved limits will allow one to probe a much larger domain of the parameter space of the extended models.
Introduction
Lepton flavor violation provides a new window for physics beyond the standard model. Since there is no CKM type matrix in the charged leptonic sector, flavor violations involving charged leptons arise via loop corrections which in particular can produce charged lepton flavor violating processes such as
Recently the MEG experiment [1] has put the most stringent bound thus far on the lepton flavor violating decay µ → eγ so that B(µ → e + γ) < 2.4 × 10 −12 at 90% CL (MEG) .
(
In this work we explore the implications of a new leptonic vector generation for the µ → e + γ decay. Specifically we consider an additional generation of leptons and their mirrors that mix with the three ordinary generations of leptons. Inclusion of a vectorlike generation brings in new sources of CP violation which enter in µ → eγ decay. These arise from diagrams where one has charginos and sneutrinos and neutralinos and charged sleptons in the loops. Additionally one has diagrams with W and neutrinos and Z and charged leptons in the loops. Such diagrams can produce observable effects and thus the experimental upper limit constrains the parameter space of models. Specifically we will show that the µ → eγ process can allow one to probe new physics arising from the MSSM extension. The reason for considering a vectorlike leptonic generation is the following: First vectorlike generations naturally appear in a variety of grand unified models, string models and D brane models and some of these can survive down to low scales [2] . Second a vectorlike generation is anomaly free so the good properties of the model as a quantum field theory are protected.
In previous works [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13] we have considered the effects of an extra vectorlike generation on a number of processes and here we extend the analysis to discuss µ → eγ decay which is one of most stringently constrained lepton flavor violating process. We also investigate the effect of CP phases on the decay µ → eγ. Vectorlike multiplets have also been used by other authors (see, e.g., [14, 15, 16] ).
Further, µ → eγ decay has been analyzed in several previous works (see, e.g., [17, 18, 19, 20, 21, 22, 23] ).
However, none of the previous works explore the class of models discussed here.
The outline of the rest of the paper is as follows: In section 2 we define the model with an extra vectorlike leptonic generation and specify the nature of mixings between the extra vectorlike generation and the three ordinary generations. In section 3 we give the interactions of the leptons and mirror leptons with the charginos and the neutralinos in the mass diagonal basis. In section 4 we give an analysis of the interactions of the leptons and their mirrors with the W and Z bosons. An analytic analysis of µ → eγ decay is given in section 5 which includes charginos and neutralinos in the loops as well as W and Z bosons in the loops. A numerical analysis of the µ → eγ branching ratio is given in section 6. Here it is shown that the vectorlike generation gives a significantly large contribution which allows one to probe and constrain the extended model. It is known that CP phases can have a large effect on SUSY loop corrections (for a review see [24] ) and thus the effect of CP phases on the decay µ → eγ is also analyzed. Conclusions are given in section 7.
Details of the scalar mass squared matrices are given in section 8.
Extension of MSSM with a Vector Multiplet
In this section we extend MSSM to include a vectorlike generation which consists of an ordinary fourth generation of leptons, quarks and their mirrors. As mentioned in section 1 vectorlike multiplets arise in a variety of unified models some of which could be low lying. In the analysis below we will assume an extended MSSM with just one vector multiplet. Before proceeding further we define the notation and give a very brief description of the extended model and a more detailed description can be found in the previous works mentioned above. Thus the extended MSSM contains a vectorlike multiplet. To fix notation the three generations of leptons are denoted by
where the properties under SU (3) C × SU (2) L × U (1) Y are also exhibited. The last entry in the braces such as (1, 2, −1/2) is the value of the hypercharge Y defined so that Q = T 3 + Y . These leptons have V − A interactions. We can now add a vectorlike multiplet where we have a fourth family of leptons with V − A interactions whose transformations can be gotten from Eq.(??) by letting i run from 1 to 4. A vectorlike lepton multiplet also has mirrors and so we consider these mirror leptons which have V + A interactions.
The quantum numbers of the mirrors are given by
Interesting new physics arises when we allow mixings of the vectorlike generation with the three ordinary generations. Here we focus on the mixing of the mirrors in the vectorlike generation with the three generations. Thus the superpotential of the model allowing for the mixings among the three ordinary generations and the vectorlike generation is given by
whereˆimplies superfields,ψ L stands forψ 3L ,ψ µL stands forψ 2L andψ eL stands forψ 1L . The mass terms for the neutrinos, mirror neutrinos, leptons and mirror leptons arise from the term
where ψ and A stand for generic two-component fermion and scalar fields. After spontaneous breaking of the electroweak symmetry, (
, we have the following set of mass terms written in the 4-component spinor notation so that
where the basis vectors in which the mass matrix is written is given bȳ
and the mass matrix M f is given by
We define the matrix element (22) of the mass matrix as m N so that
The mass matrix is not hermitian and thus one needs bi-unitary transformations to diagonalize it. We define the bi-unitary transformation so that
Under the bi-unitary transformations the basis vectors transform so that 
In ψ 1 , ψ 2 , ψ 3 , ψ 4 are the mass eigenstates for the neutrinos, where in the limit of no mixing we identify ψ 1 as the light tau neutrino, ψ 2 as the heavier mass eigenstate, ψ 3 as the muon neutrino and ψ 4 as the electron neutrino. A similar analysis goes to the lepton mass matrix M where
In general
can be complex and we define their phases so that
We introduce now the mass parameter m E defined by the (22) element of the mass matrix above so that
Next we consider the mixing of the charged sleptons and the charged mirror sleptons. The mass squared matrix of the slepton -mirror slepton comes from three sources: the F term, the D term of the potential and the soft SUSY breaking terms. Using the superpotential of Eq. (4), the mass terms arising from it after the breaking of the electroweak symmetry are given by the Lagrangian
where L F is deduced from
For L soft we assume the following form 
Here Mẽ L , Mν e etc are the soft masses and A e , A νe etc are the trilinear couplings. The trilinear couplings are complex and we define their phases so that
From these terms we construct the scalar mass square matrices. These are exhibited in section 8.
Interactions with charginos and neutralinos
In this section we discuss the interactions in the mass diagonal basis involving charged leptons, sneutrinos and charginos. Thus we have
such that
and
Next we discuss the interactions in the mass diagonal basis involving charged leptons, sleptons and neutralinos. Thus we have
where
and where
Here X are defined by
where X diagonalizes the neutralino mass matrix and is defined by the relation
Interaction of leptons and mirrors with W and Z bosons
In addition to the computation of the supersymmetric loop diagrams, we compute the contributions arising from the exchange of the W and Z bosons and the leptons and the mirror leptons in the loops. The relevant interactions needed are given below. For the W boson exchange the interactions that enter are given by
For the Z boson exchange the interactions that enter are given by
where x = sin 2 θ W .
The analysis of µ → e + γ Branching Ratio
The decay µ → e + γ is induced by one-loop electric and magnetic transition dipole moments, which arise from the diagrams of Fig.5 . For an incoming muon of momentum p and a resulting electron of momentum p , we define the amplitude where
with q = p − p and where m f denotes the mass of the fermion f . The branching ratio of µ → e + γ is given by
where the form factors F µe 2 and F µe 3 arise from the chargino, neutralino and vector bosons contributions as follows
It is also useful to define B m and B e as follows
B e (µ → e + γ) = 24π
where B m is the branching ratio from the magnetic dipole operator and B e is the branching ratio from the electric dipole operator. We discuss now the individual contributions to F The chargino contribution F µe 2χ + is given by
The neutralino contribution F µe 2χ 0 is given by
The contributions from the W exchange F µe 2W is given by
where the form factors are given by
The contribution F µe 2Z from the Z exchange is given by
The chargino contribution F µe 3χ + is given by
The neutralino contribution F µe 3χ 0 is given by
The W boson contrition F µe 3W is given by
where the functions C W L and C W R are given in section 4 and the form factor I 1 is given by
And finally, the Z exchange diagram contribution F µe 3Z is given by
where the form factor I 2 is given by
6 Estimate of size of B(µ → eγ)
In this section we give a numerical analysis for the branching ratio B(µ → eγ) . The analysis is done in an MSSM extension with soft breaking parameters taken at the electroweak scale. Thus no renormalization group running of GUT scale parameters is needed. The parameters entering the analysis are summarized in the appendix. The scalar mass and trilinear coupling parameters are m 0 and A 0 in the slepton mass squared matrix. The corresponding ones in the sneutrino mass squared matrix are mν 0 and Aν 0 where
The branching ratio B(µ → eγ) arises as a consequence of mixing induced by the parameters f 3 , f 3 , f 3 and f 4 , f 4 , f 4 where f s are complex parameters and their arguments are the CP violating phases. The branching ratio B(µ → eγ) is a sensitive function of both the magnitudes as well as the phases of the mixing parameters f . We discuss the dependence of B(µ → eγ) on these below. In table1 we illustrate numerically the relative strengths of the magnetic and the electric dipole transition operators to B(µ → eγ) . Here we also show that the analysis is consistent with the current upper limits on the B(τ → µγ), on d e and the data on the neutrino masses. Thus the current experimental limit on [26] and B(τ → µγ) < 4.5 × 10 −8 (Belle) [27] . Since the theoretical prediction of B(τ → µγ) in this case is smaller by several orders of magnitude than the current experimental limit this decay mode is not of imminent interest in this case. In 1 and table 2 are consistent with the constraint on the sum of the neutrino masses from cosmology, i.e., i m νi < 0.44eV (95% CL) [28] and with the data on neutrino oscillations which give the neutrino mass squared differences so that [29] 
Conclusion
In this work we have given an analysis of µ → eγ decay with inclusion of a vectorlike leptonic generation where mixings appear between leptons and mirror leptons as well as between sleptons and mirror sleptons.
The decay µ → eγ arises from diagrams with charginos and sneutrinos and mirror sneutrinos, and neutralinos, sleptons and mirror sleptons in the loops. Additionally electroweak loops are included where W, Z and leptons and mirror leptons and neutrinos are exchanged. An analytic analysis of these contributions is given in section 5 while a detailed numerical analysis is given in section 6. Here it is shown that the current experimental limits from the MEG experiment put constraints on the parameter space of models.
Further, the size of the new contributions are such that improvement in experiment will either reveal new physics or the improved experimental results will be able to probe large parts of the parameter space of the extended MSSM model. Thus the MEG experiment is continuing to collect data and is expected to explore the µ → e + γ decay down to a branching ratio sensitivity of a few times 10 −13 in the next few years. This will allow a further probe of this new class of MSSM extensions.
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8 Appendix: The scalar mass squared matrices
For convenience we collect here all the contributions to the scalar mass squared matrices arising from the F terms. They are given by
where L mass C
gives the mass terms for the charged sleptons while L mass N gives the mass terms for the sneutrinos.
For
We define the scalar mass squared matrix
We label the matrix elements of these as (M 2 τ ) ij = M 2 ij where the elements of the matrix are given by
We can diagonalize this hermitian mass squared matrix by the unitary transformatioñ
For L mass N we have
Next we write the mass squared matrix in the sneutrino sector the basis (ν τ L ,Ñ L ,ν τ R ,Ñ R ,ν µL ,ν µR ,ν eL ,ν eR ).
Thus here we denote the sneutrino mass squared matrix in the form (M 2 ν ) ij = m 2 ij where 
We can diagonalize the sneutrino mass square matrix by the unitary transformatioñ 
